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Abstract
Molecular cloning has introduced an unexpected diversity of neurotransmitter receptors. In this study we review the types, the
localization and possible synaptic function of the inhibitory neurotransmitter receptors in the mammalian retina. Glycine
receptors (GlyRs) and their localization in the mammalian retina were analyzed immunocytochemically. Specific antibodies
against the a1 subunit of the GlyR (mAb2b) and against all subunits of the GlyR (mAb4a) were used. Both antibodies produced
a punctate immunofluorescence, which was shown by electron microscopy to represent clustering of GlyRs at synaptic sites.
Synapses expressing the a1 subunit of the GlyR were found on ganglion cell dendrites and on bipolar cell axons. GlyRs were also
investigated in the oscillator mutant mouse. The complete loss of the a1 subunit was compensated for by an apparent
upregulation of the other subunits of the GlyR. GABAA receptors (GABAARs) and their retinal distribution were studied with
specific antibodies that recognize the a1, a2, a3, b1, b2, b3, g2 and d subunits. Most antibodies produced a punctate
immunofluorescence in the inner plexiform layer (IPL) which was shown by electron microscopy to represent synaptic clustering
of GABAARs. The density of puncta varied across the IPL and different subunits were found in characteristic strata. This
stratification pattern was analyzed with respect to the ramification of cholinergic amacrine cells. Using intracellular injection with
Lucifer yellow followed by immunofluorescence, we found that GABAARs composed of different subunits were expressed by the
same ganglion cell, however, they were clustered at different synaptic sites. The distribution of GABAC receptors was studied in
the mouse and in the rabbit retina using an antiserum that recognizes the r1, r2 and r3 subunits. GABAC receptors were found
to be clustered at postsynaptic sites. Most, if not all of the synapses were found on rod and cone bipolar axon terminals. In
conclusion we find a great diversity of glycine and GABA receptors in the mammalian retina, which might match the plethora
of morphological types of amacrine cells. This may also point to subtle differences in synaptic function still to be elucidated.
© 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Glycine and GABA are the major inhibitory neuro-
transmitters in the mammalian retina (reviewed by [1–
7]). Approximately half the amacrine cell population
contains glycine, representing many morphologically
distinct small field amacrine cells [8–11]. The most well
characterized glycinergic amacrine cell is the AII-
amacrine cell which plays a key role in the conduction
of rod signals [12–15]. GABA containing neurons in-
clude horizontal cells, some bipolar cells and approxi-
mately half of the amacrine cell population [16–18].
GABAergic amacrine cells comprise many different
morphological classes and they are usually wide field
amacrine cells [19,6]. A characteristic feature of
GABAergic amacrine cells is the co-localization of neu-
roactive and neuromodulatory substances with GABA
[5]. GABAergic and glycinergic amacrine cells provide
conventional chemical synapses in the inner plexiform
layer (IPL).
Glycine activates a ligand-gated chloride channel that
is antagonized by strychnine (reviewed by [20–22]). The
glycine receptor (GlyR) was purified from the mam-
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malian spinal cord [23,24]. The receptor is composed of
five subunits, each of which spans the membrane. Three
ligand binding a-subunits and two b-subunits form a
Cl selective channel [20,21]. So far, at least three
different a-subunit isoforms (a1, a2, a3) and one b
subunit isoform of the GlyR have been identified [25–
29]. In the spinal cord the a-subunit isoforms are
developmentally regulated: homo-oligomeric a2 recep-
tors represent the neonatal form of GlyR and are
replaced during development by receptors containing
the a1 subunit [30–33]. Adult GlyRs of the spinal cord
are predominantly composed of the a1 and b subunits.
The a3 subunit is expressed at low levels in only a few
brain regions [32]. Mutations of GlyR genes have been
found to underlay hypertonic motor diseases in mice
and humans [22].
Three types of pharmacologically and physiologically
distinct GABA receptors have been described in the
mammalian CNS. GABAA receptors are integral mem-
brane channels permeable to chloride ions [34]. Activa-
tion of GABAA receptors by GABA is antagonized by
bicuculline (for review see [35,36]). GABAB receptors
belong to the family of G-protein coupled receptors,
they have been cloned recently [37] and regulate, via a
second-messenger system, either Kor Ca2 channels
[38]. GABAB receptors are activated by baclofen.
GABAC receptors form Cl-channels and are insensi-
tive to both bicuculline and baclofen (for review see
[39,40]). Slaughter and Pan [41] have recently reviewed
GABAB receptors of the retina and we will concentrate
here on GABAA and GABAC receptors.
Molecular cloning studies have demonstrated that
the GABAA receptor, like the GlyR, is a member of the
ligand-gated ion channel super-family and is thus likely
to be composed of five structurally related subunits that
form a Cl-conducting pore (for review see
[42,35,36,43,44]). To date six a, four b, three g subunits
and one d subunit have been cloned. In situ hybridiza-
tion studies have revealed specific expression patterns of
these subunits in the brain [45–47]. Recently, the distri-
bution of GABAA receptor subtypes in various brain
regions could be studied with subunit-specific antibod-
ies [48–51].
GABAC receptors of the retina were first described
by Miledi and colleagues, when they expressed mRNA
from bovine retina in Xenopus oocytes [52]. During the
last 6 years native GABAC receptors have been de-
scribed in all vertebrate retinae investigated (for review
see [39,53]). There is growing evidence that GABAC
receptors consist of r-subunits which were originally
cloned by Cutting and colleagues from a human cDNA
library [54,55]. Homologs of the human r-subunits
recently cloned from chicken (r1, r2 [56]) and rat (r1,
r2, r3; [57–61]) show a high degree of similarity with
the corresponding human sequences. When expressed in
oocytes r-subunits formed homo-oligomeric as well as
hetero-oligomeric channels [54,59,60].
Molecular cloning has introduced a great diversity of
transmitter receptors. This diversity raises questions
about the functional role of the different receptor iso-
forms. Most of the studies on receptor function have
been done in artificial expression systems. In such sys-
tems variable sensitivity for the ligands, different modu-
lation by other neuroactive substances and different
time courses of channel opening and desensitization
were observed. The retina with its well characterized
cell types and circuits offers the unique opportunity to
study and understand this diversity in an in vivo sys-
tem. It is important to determine for example, whether
one neuron expresses one combination of subunits at
synaptic sites, or whether it can express multiple recep-
tor types. Furthermore, one would also like to know,
whether the presynaptic partners define the subunit
composition expressed at the different synapses. This
may be an underlying reason for the many amacrine
cell types in the retina. The neuroactive substances
which are found together with GABA in these neurons
may not only modulate synaptic function but may also
regulate the subunit composition of receptors. These
are the reasons why in the present study we identify the
types of glycine and GABA receptors expressed in the
retina, why we attribute them to certain neurons and
study their synaptic localization.
2. Material and methods
2.1. Antibodies
Specific anti-peptide antisera against the glycine
(GlyR), GABAA and GABAC receptors were applied in
this study. Monoclonal antibodies directed against the
a1 subunit of the GlyR (recognizes residues 1–10,
mAb2b, from mouse, 1:200, [62]) and against the a1,
a2, a3 and b subunit of the GlyR (recognizes residues
96–105, mAb4a, from mouse, 1:500, [62,63]) were used.
They were kindly provided by Dr H. Betz (Frankfurt).
Antibodies (Ab) recognizing specific peptide sequences
of GABAAR subunits allowed the detection of the a1
(pAb, rabbit, 1–16, 1:10000), a2 (pAb, guinea pig,
1–9, 1:2000, [64]), a3 (pAb, guinea pig, 1–15, 1:5000,
[48,65]), b1 (pAb, guinea pig, 381–389, 1:50, [66]), b2:3
(mAb, mouse, 1:50, [67]), g2 (pAb, rabbit, 1–29,
1:5000, [68]) and d (pAb, rabbit, 1–17, 1:100, [49])
subunits of the GABAA receptor. They were a kind gift
of Dr H. Mo¨hler (Zu¨rich). A polyclonal antiserum
(from rabbit, 1:100, [69]) raised against residues 16–171
of the rat r1 subunit that recognized the subunits r1,
r2 and r3 of the GABAC receptor on Western blots
and transfected HEK-293 was used. The rabbit anti-
serum against recoverin was the same as described
previously [70–72] and was used to label cone bipolar
cells. A mouse monoclonal antibody against the a-iso-
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enzyme of protein kinase C (PKC) (clone MC5; Amer-
sham, Arlington Heights, IL) was used to label rod
bipolar cells and a rat monoclonal antibody against
choline acetyltransferase (ChAT) (Boehringer,
Mannheim, Germany) was used to label cholinergic
amacrine cells.
2.2. Tissue preparation
Retinae of adult albino rats, 6–8 weeks of age were
used. The animals were deeply anesthetized with
halothane and then decapitated. Adult rabbits were
killed by a lethal dose of sodium pentobarbital given
intravenously (60 mg kg1). The mutant mice ‘oscilla-
tor’ (spdot) [73] have a mutation in the GlyR a1 gene
and usually die at 3 weeks of age. Mice were sacrificed
at postnatal day 18 by cervical dislocation during car-
bon dioxide anesthesia. All animals investigated were
litter mates.
For light microscopy, the eyes were opened along the
ora serrata and the eyecups were immersion fixed for 15
or 30 min in 4% (w:v) paraformaldehyde in phosphate
buffer (PB; 0.1 M, pH 7.4). The vitreous body was
removed and the retinae were dissected free. The retinae
were cryoprotected in 10% (w:v), 20% (w:v) sucrose in
PB for 1 h each and in 30% (w:v) sucrose in PB
overnight at 4°C, sectioned vertically at 14 mm thick-
ness on a freezing microtome (Reichert-Jung) and col-
lected on gelatine-coated slides.
For electron microscopy, eye cups were fixed in PB
containing 4% (w:v) paraformaldehyde and 0.05% glu-
taraldehyde for 10 min, followed by an additional 20
min. fixation in 4% (w:v) paraformaldehyde in PB
containing 0.2% picric acid, 0.2% of a 0.5 M calcium
chloride solution and 0.2% of a 0.5 M magnesium
chloride solution. After dissecting out the retinae and
cryoprotecting in 10, 20 and 30% (w:v) sucrose, the
retinae were repeatedly frozen and thawed to enhance
the penetration of the antibodies. After washing the
retinae in phosphate-buffered saline (PBS; 0.01 M, pH
7.4), small pieces were embedded in agar, vertically
sectioned (70 mm) with a vibratome and processed for
pre-embedding electron microscopic
immunocytochemistry.
2.3. Light microscopic immunocytochemistry
Immunocytochemical labeling was carried out using
the indirect fluorescence method [74,75,70,76]. Binding
sites of the primary antibodies were revealed by sec-
ondary antibodies: goat anti-mouse, goat anti-guinea
pig, goat anti-sheep or goat anti-rabbit IgG coupled to
either Cy3 (1:1000, carboxymethylindocyanine 3, red
fluorescence; Dianova, Hamburg, Germany), FITC
(1:100, fluoresceinisothiocyanate, green fluorescence;
Sigma-Aldrich, Deisenhofen, Germany), or to Texas
Red (1:100, red fluorescence; Amersham, Braun-
schweig, Germany).
In double-labeling experiments, sections were incu-
bated in a mixture of the primary antibodies followed
by a mixture of the secondary antibodies. Controls
were prepared by omitting one of the two primary
antibodies during the incubation and in this case, only
the immunoreactivity for the remaining primary anti-
body was detected.
2.4. Pre-embedding immunoelectron microscopy
As described in detail by Sassoe`-Pognetto et al. [70]
electron microscopic immunocytochemistry was per-
formed on 70 mm thick vibratome sections of rat retinae
using the avidin-biotin-peroxidase method [77]. The
3,3%-diaminobenzidine reaction product was silver inten-
sified and gold toned. Ultrathin sections were observed
in a Zeiss EM 10 electron microscope.
2.5. Light microscopic analysis
For light microscopic analysis, sections were exam-
ined and photographed with a Zeiss photomicroscope
(Axiophot, Zeiss, Oberkochen, Germany) using 40,
63, 100 objectives and the appropriate fluores-
cence filters (FITC: 450–490, FT 510, LP 520; Cy3:
Texas Red: BP 546, FT 580, LP 590). The fluorescence
filters were wedge-corrected, so shifting from one filter
to the other did not cause any displacement of the
image. In some instances, very strong Cy3 fluorescence
was also visible with the FITC filter. This was reduced
by an additional green interference filter (515–565)
inserted into the microscope tube. Black and white
photomicrographs were taken on Kodak TMY 400 film
and color micrographs were taken on Kodak Ektra-
chrome EPL 400 color reversal film.
Depending on the fixation time, differences in the
appearance of glycine-, GABAA- and GABAC-recep-
tors were found. With short fixation times, immunore-
activity had a punctate appearance suggesting that
single synapses were stained. In addition a ‘diffuse’ and
specific label was observed. The ‘diffuse’ immunostain-
ing could be associated with functional receptors that
are not localized to synapses. It could also be cytoplas-
matic and show receptors in the process of being either
transported to synaptic sites or degraded. With longer
fixation times the punctate label was still present, but
its fluorescence was less intense and the diffuse label
became more apparent. It is possible that longer fixa-
tion times reduce the binding of the antibodies to the
puncta, where receptors occur at high density. We
exclude the possibility that fixation causes a redistribu-
tion of receptors and assume that cross linking of the
densely packed receptors by the fixative reduced the
accessibility of relevant epitopes.
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3. Results
3.1. Localization of glycine receptor mRNAs by in situ
hybridization
With in situ hybridization, using oligonucleotide
probes specific for the a1, a2, a3 and b subunits of the
GlyR, all four mRNAs were found to be expressed in
the inner nuclear layer (INL) and in the ganglion cell
layer (GCL) of the rat retina [78]. Each probe produced
a distinct hybridization signal. The a1 mRNA is pre-
dominantly present in the outer half of the INL, to a
lesser extent in the amacrine cell layer and in the
ganglion cell layer where cells of different sizes were
labeled. Hybridization with the a2 probe revealed the
strongest signal of all probes. In the inner half of the
INL many presumed amacrine cells were labeled and in
the ganglion cell layer nearly all cells were strongly
labeled. The probe specific for the a3 transcripts pro-
duced only weak hybridization signals, which were
difficult to attribute to individual cells. The b subunit
transcripts showed a widespread distribution in the
INL and GCL. However, the high packing density of
perikarya in the INL made it difficult with in situ
hybridization to decide which class of cell (horizontal,
bipolar or amacrine cell) expressed the signals. Enz and
Bormann [79] found by the polymerase chain reaction
(RT-PCR) using RNA isolated from the whole retina,
signals for all four GlyR subunits. However, when the
RNA was isolated from rod bipolar cells, only the a1
and b subunits were detected suggesting that specific
cell types may express a restricted number of subunits
of the GlyR.
3.2. Immunocytochemical labeling of glycine receptors
Two monoclonal antibodies (mAbs) against GlyRs
are available: mAb2b recognizes the a1 subunit and
mab4a recognizes all three a subunits and the b subunit
[80,81,62].
A vertical frozen section through a rabbit retina that
was immunostained for the a1 subunit (mAb2b) is
shown in Fig. 1A. Strong punctate immunofluorescence
can be observed in the inner plexiform layer (IPL) and
a sparse distribution of puncta can also be detected in
the outer plexiform layer (OPL) [74]. We could show by
electron microscopy (Fig. 1D) that this punctate immu-
nofluorescence represents a concentration of the a1
subunits at postsynaptic sites [70]. Immunoreactivity
for the a1 subunit was localized exclusively in the
synaptic cleft (Fig. 1D), indicating that mAb2b recog-
nizes an extracellular epitope of the a1 subunit. The
clustering of the a1 subunit at postsynaptic sites, which
produces the punctate immunofluorescence, offers a
unique opportunity to study the distribution and the
cellular localization of glycinergic synapses by light
microscopy. It is apparent from Fig. 1A that the sizes
and densities of puncta differ. The small, sparse puncta
in the OPL are putative synapses made by glycinergic
interplexiform cells [8,70,82]. Two populations of
puncta can be found in the IPL. Smaller puncta are
present both in the inner IPL (the ON-sublamina) and
in the outer IPL (the OFF-sublamina). Larger puncta
are preferentially located in the outer part of the IPL.
The actual density of immunoreactive puncta becomes
more apparent when the IPL is observed in a retinal
whole mount (Fig. 1C). The immunoreactive puncta in
Fig. 1C are not distributed homogeneously and (with
some imagination) one can see an alignment of the
puncta along putative dendritic processes.
3.3. Localization of the a1 subunit of the GlyR on
ganglion cell dendrites
In order to test the expression of the a1 subunit of
the GlyR by ganglion cells, intracellular injection of
ganglion cells with Lucifer Yellow [83] was combined
with immunocytochemical labeling [84]. Fig. 2A shows
the dendritic branch of an injected Alpha ganglion cell
in a rabbit retinal whole mount. After the injection the
retina was immunostained for the a1 subunit and the
synaptic hot spots became apparent. As can be seen in
Fig. 2B, many of the puncta coincided with the den-
dritic branches of the Alpha ganglion cell. This became
particularly obvious by continuously changing the fo-
cus of the microscope during direct observation. The
cell illustrated in Fig. 2A kept its dendrites in the inner
half of the IPL in the ON-sublamina. We also injected
and immunostained OFF-ganglion cells, which ramify
in the outer half of the IPL and found that they too
receive comparable numbers of small puncta there.
They were not, however, engaged with the larger a1
subunit immunoreactive puncta found in the outer IPL.
3.4. Localization of the a1 subunit of the GlyR on
bipolar cell axons
We wanted to evaluate, whether the large a1 subunit
immunoreactive puncta in the outer IPL represent
synapses between AII amacrine cells and OFF-cone
bipolar cells. To show this, double labeling experiments
were performed using antibodies against recoverin to
reveal bipolar cells and the antiserum against the a1
subunit (Fig. 2C and D). Recoverin immunoreactivity
in Fig. 2C is abundant in photoreceptors and also
labels two types of cone bipolar cells, Cb2 and Cb8
[85,70,71]. The axons of Cb2 terminate in the outer half
of the IPL (Fib. 2C), those of Cb8 in the inner half [71].
A comparison of the pattern of a1 immunoreactive
puncta (small arrows in Fig. 2D) with the axon termi-
nals of the Cb2 cells (small arrows in Fig. 2C) shows
the large puncta to be in register with the axon termi-
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Fig. 1. Micrographs of rabbit retinae immunostained for the a1 subunit of the glycine receptor (mAb2b). A, fluorescence micrograph of a vertical
section (Cy3, red fluorescence), B, Nomarski micrograph of the same section showing the retinal layers: OS, photoreceptor outer segments; IS,
inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell
layer. Punctate immunofluorescence can be observed in A, which is concentrated in three bands. A band of rather large puncta is present in the
outer half of the IPL (the OFF-sublamina), a band of smaller puncta occupies the inner half of the IPL (the ON-sublamina) and a thin band of
puncta can also be seen in the OPL, C, fluorescence micrograph of a whole mount of the rabbit retina. The plane of focus is in the inner half
of the IPL. D, electron micrograph showing the ultrastructural localization of the a1 subunit of the GlyR at a conventional synapse in the IPL.
An amacrine cell process (AC) is presynaptic at an a1 positive contact (arrow) in stratum 1 of the IPL. The immunoreactivity is concentrated in
the synaptic cleft (Scale bar 50 mm in A, B and C, 0.4 mm in D).
nals of Cb2 cells. This suggests that the Cb2 cell axon
terminals receive rather large synapses, at which they
express the GlyR a1 subunit. In a similar double label-
ing experiment, using antibodies against parvalbumin
to label AII amacrine cells, we demonstrated that lobu-
lar varicosities of AII amacrine cells provide the presy-
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Fig. 2. A and B are high-power fluorescence micrographs of a Y-shaped dendritic branch of an LY-injected ON-Alpha cell of the rabbit retina,
which was then immunostained for the a1 subunit of the glycine receptor (mAb2b). A and B show the same focal plane and were taken with
yellow and red fluorescence, respectively. Many immunoreactive puncta colocalize with the dendritic membrane. C and D are fluorescence
micrographs of a vertical section through a rat retina that was double immunostained for recoverin (C, FITC) and for the a1 subunit of the GlyR
(D, Cy3). C, bipolar cell bodies are labeled in the INL and their axon terminals form two bands in the IPL. D, immunoreactivity for the a1
subunit has a punctate appearance. As indicated by the arrows, a1 immunoreactive puncta are in register with recoverin axon terminals. Blood
vessels of the GCL show unspecific labeling (Scale bar: 10 mm in A and B, 25 mm in C and D).
naptic input into these large synapses [70]. They, there-
fore, represent the glycinergic synapses, through which
the rod signal passes from AII amacrine cells to OFF
cone bipolar cells [12–14,86,72].
3.5. Mutations of the GlyR genes affect the distribution
of GlyRs in the retina
We have investigated the GlyR distribution of a
mutant mouse, the oscillator mouse [22]. The oscillator
(spdot) mutation of the mouse which is allelic to the
spasmodic gene, has been found to represent a mi-
crodeletion of seven nucleotides within exon 8 of the
GlyR a1-gene and biochemical analysis shows a com-
plete absence of the a1 subunit from the homozygotic
oscillator mouse [87]. In contrast, genes coding for the
other subunits of the GlyR are not affected by the
mutation. In Figs. 3 and 4 we show the distribution of
GlyR-immunoreactivity in wild type (: ) in het-
erozygotic (: ) and in homozygotic (: ) mice.
The distribution of the a1 subunit in the wild type
mouse (Fig. 3A) shows the expected punctate, synaptic
localization in the IPL with larger and more numerous
puncta in the outer IPL. Homozygotic (: ) retinae
(Fig. 3B) show a complete lack of a1 immunoreactive
puncta, while in heterozygotic retinae (: ) a re-
duced number of a1 immunoreactive puncta can be
detected (Fig. 3C). This suggests a dose dependent
expression of the a1 subunit; complete absence in the
homozygotic animals and a reduced number in het-
erozygotic mice. We also applied mAb4b, which recog-
nizes all subunits of the GlyR, to the mouse retina (Fig.
4). In the wildtype (Fig. 4A) the IPL is filled with
numerous puncta. A comparison with Fig. 3A shows
that many more puncta are present in Fig. 4A indicat-
ing that in addition to a1 subunit expressing glycinergic
synapses, there are many more glycinergic synapses,
which must express other isoforms of the a-subunit.
This is in close agreement with in situ hybridization
data [78], which have shown the a1, a2 and a3 probes
produce distinct signals in the retina. Such synapses
containing the a2 or a3 subunits should also be present
in homozygotic (: ) retinae. Fig. 4B and Fig. 4C
show that in homozygotic and heterozygotic retinae
many GlyR-immunoreactive puncta are present. There
seems to be no difference in the staining pattern and in
the number of puncta when wildtype (Fig. 4A), ho-
mozygotic (Fig. 4B) and heterozygotic (Fig. 4C) retinae
are compared. This is surprising, since a1-expressing
puncta should be absent from homozygotic retinae and,
therefore, fewer puncta should be present in Fig. 4B.
We measured the density of puncta in a large number
of sections taken from wildtype, homo- and het-
erozygotic retinae. Contrary to expectation no signifi-
cant difference was found. This would suggest that in
the absence of the a1-protein other subunits of the
GlyR can substitute for the a1 subunits.
It is interesting in this context that in the spinal cord
at birth the a2 subunit is the predominant glycine
receptor subunit expressed and towards 2 weeks of age
the a2 subunit is replaced by the a1 subunit [30,22].
The a3 subunit is not a major component of glycine
receptors in the spinal cord. This developmental change
from the a2 to the a1 subunit is the reason, why the
homozygotic (: ) mutants of the oscillator mouse
do not survive longer than :3 weeks postnatally; they
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Fig. 3. Micrographs of mice retinae immunostained for the a1 subunit of the glycine receptor (mAb2b). A, fluorescence micrograph of a vertical
section through a wildtype (: ) mouse. B, homozygotic (: ) oscillator mouse retina. C, heterozygotic (: ) oscillator mouse retina. D,
Nomarski micrograph showing the retinal layers. The fluorescent profiles in the OPL of A, B and C are blood vessels (Scale bar: 15 mm).
have no a1 subunit to replace the a2 subunit. In
contrast to the spinal cord, there are a1, a2 and a3
subunits in the adult retina. Thus, in homozygotic
oscillator retinae the missing a1 subunits may be substi-
tuted by other subunits.
Pinto et al. [88] have studied the distribution of
GlyRs in another mutant, the spastic mouse. The spas-
tic mutant has a defect in the GlyR b gene, which
results in a severe reduction but not in a structural
alteration of the b-subunit protein. This low level of
b-subunit protein is sufficient to provide a strongly
reduced number of GlyRs that prevents the spastic
(: ) genotype from being lethal [89]. In the retina
of the spastic mouse a dramatic reduction of im-
munoreactive puncta was found [88]. This would sug-
gest that the b subunit cannot be substituted for by
other GlyR subunits.
3.6. Localization of GABAA receptors in the
mammalian retina
Early studies to localize GABAA receptors
(GABAARs) immunocytochemically applied antibodies
specific for the b2 and b3 subunits (bd 17, [90]) or for
the a1 subunit (bd 24, [90]). Bipolar cells as well as
amacrine cells and ganglion cells have been found to be
GABAAR-positive [91,90,92–99]. The early studies on
the localization and function of GABAA receptors in
the retina have been reviewed by Brecha [100], Ishida
[101] and Djamgoz [102]. More recent studies using in
situ hybridization or RT-PCR have shown that many
more different subunits of the GABAA receptor are
present in the retina [96,75,103,104].
Recently, more antibodies specific for different
GABAAR subunits have become available and we have
applied these to the rat retina [105,75,76,84]. Fig. 5A
shows a high power micrograph of a vertical section
through a rat retina that was stained immunocytochem-
ically with antibodies against the a3 subunit of the
GABAAR. Punctate immunofluorescence is found
throughout the IPL, suggesting the a3 subunit is clus-
tered at synapses. This is shown in the electron mi-
crograph in Fig. 5C. The antiserum was raised against
an extracellular domain of the a3 subunit and conse-
quently the label in Fig. 5C is concentrated in the
synaptic cleft. Hence, like the GlyR, immunoreactivity
for the a3 subunit of the GABAAR is clustered at
synaptic sites and the puncta visible in the fluorescence
microscope represent individual synapses.
We applied antibodies specific to the a1, a2, a3 and
a5 subunits to rat retinae. With the exception of the a5
subunit, which produced no staining in the retina, the
other three a-subunits were localized and produced
characteristic labeling patterns (Fig. 5D-F). Punctate
immunofluorescence was found in the IPL for the a1
(Fig. 5D), the a2 (Fig. 5E) and the a3 subunit (Fig.
5F). However, the puncta were not distributed uni-
formly across the IPL. In addition, there was a differ-
ence in the size of puncta, those labeled for the
a3-subunit were largest, those expressing the a2-sub-
unit were smallest, suggesting they are localized at
different synapses. In order to study this stratification
pattern in the IPL in more detail, double labeling
experiments with GABAAR subunit specific antibodies
and antibodies against choline acetyltransferase
(ChAT) were performed [105,106,75]. In all mammalian
retinae investigated so far ChAT immunoreactivity is
found in two populations of cholinergic amacrine cells.
Displaced (ON)-cholinergic amacrine cells stratify in a
narrow plane in the inner IPL, regular (OFF)-choliner-
H. Wa¨ssle et al. : Vision Research 38 (1998) 1411–14301418
Fig. 4. Micrographs of mice retinae immunostained for all subunits of the glycine receptor (mAb4a). A, fluorescence micrograph of a vertical
section through a wildtype (: ) mouse retina. B, homozygotic (: ) oscillator mouse retina. C, heterozygotic (: ) oscillator mouse
retina. C, Nomarski micrograph showing the retinal layers (Scale bar: 15 mm).
gic amacrine cells keep their processes in a narrow
plane in the outer IPL [107,108,5]. The results of these
co-localization studies are shown schematically in the
diagram of Fig. 6. ChAT-immunoreactivity occupies
one stratum in the approximate center of the IPL
(ON-stratum) and one in the outer half of the IPL
(OFF-stratum). The a2-subunit immunoreactive puncta
are aggregated at the two cholinergic strata. In con-
trast, there is a reduced density of a3-subunit im-
munoreactive puncta at the position of the two
cholinergic strata. The a1-subunit immunoreactive
puncta also show a reduction in density at the choliner-
gic bands and an increased density outer or inner
respectively, of the two cholinergic bands. This suggests
that cholinergic amacrine cells preferentially express the
a2-subunit on their dendritic processes and that in
strata which sandwich the cholinergic processes the a1-
or a3-subunits are preferentially expressed. In the dis-
cussion we will relate this precise molecular stratifica-
tion pattern to the directionally selective network of the
IPL.
Khan et al. [109] applied an anti-a4 antibody to the
rat retina and described that the a4-subunit is concen-
trated on ganglion cells (including some giant ganglion
cells). Gutie´rrez et al. [110] localized the a6-subunit to
amacrine and ganglion cells. Khan et al. [109] studied
the distribution of the g2-subunit with antibodies which
recognize g2S and g2L, the short and long splice vari-
ants. The g2S-subunit was observed throughout the
IPL, the g2L- subunit was restricted to cells of the
ganglion cell layer.
We also studied the retinal distributions of the b1,
b2:3, g2 and d subunits [106,75] and found characteris-
tic labeling patterns (Fig. 6). The d-subunit showed the
most restricted distribution and coincided with the den-
drites of cholinergic amacrine cells, which were dif-
fusely labelled [106]. The g2-subunit was clustered at
synaptic ‘hot spots’ and was widely distributed
throughout the IPL. The b2:3 subunits also showed a
punctate distribution throughout the IPL with an in-
creased density coinciding with the cholinergic strata.
The b1 subunit showed a punctate, more restricted
distribution and the puncta were more densely packed
along the cholinergic strata. These results suggest that
cholinergic amacrine cells express the a2, b1, b2:3, d
and possibly g2-subunits. The density of g2-immunore-
active puncta throughout the IPL was quite high and it
is, therefore, difficult to determine whether they have a
close association with the cholinergic strata.
3.7. Multiple GABAA receptors are found on Alpha
ganglion cells
The question arises, whether individual neurons ex-
press only one type of GABAAR or whether they can
express different isoforms. In order to answer this
question we injected individual Alpha-ganglion cells in
a retinal whole mount with Lucifer Yellow (LY) and
have subsequently cut horizontal sections through the
LY filled cells. Dendrites of the cells were present in at
least two consecutive sections and the sections were
immunostained for different subunits of the GABAAR
[84]. The result of such an injection and immunostain-
ing experiment is illustrated in Fig. 7A–D. The cell
body and the primary dendrites of the Alpha cell are
shown in Fig. 7A. After immunostaining for the a3
subunit of the GABAAR the immunoreactive synaptic
puncta together with the injected cell could be seen
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Fig. 5. Micrographs of rat retinae immunostained for the a1, a2 and a3 subunits of the GABAA receptor. A, Nomarski micrograph showing the
retinal layers. B, fluorescence micrograph of the section in A, immunostained for the a3 subunit of the GABAAR. C, electron micrograph showing
the ultrastructural localization of the a3 subunit of the GABAAR at a conventional synapse in the IPL. An amacrine cell process (AC) is
presynaptic at an a3 positive contact (arrow). The immunoreactivity is concentrated at the synaptic cleft. D, E and F are fluorescence micrographs
of vertical sections showing the IPL. They were immunostained for the a1 (D), a2 (E) and a3 (F) subunits of the GABAAR (Scale bar: 25mm
in A, B; 0.4 mm in C; 50 mm in D, E and F).
using the appropriate fluorescence filter (Fig. 7B–D).
Even at low magnification (Fig. 7B) it appears that
a3-immunoreactive puncta coincide with the Alpha cell
dendrites. The two high power micrographs (Fig. 7C
and D), which were taken at two different focal planes
show this coincidence in more detail (arrows). A second
section through this cell was immunostained for the
a1-subunit (not shown) and a1-subunit immunoreac-
tive puncta were found to coincide with the Alpha cell
dendrites. All three possible combinations of the a1, a2
and a3 subunits were tested in this way: a1:a2, a1:a3
and a2:a3. Synaptic clusters of all three a-subunits
were found on the dendrites of individual Alpha cells.
We also addressed the question whether the a1, a2
and a3 immunorective puncta colocalize. This would
determine whether different isoforms could be found at
the same synapse and whether two different a subunits
are found within the same GABAAR complex. We
performed double immunolabeling experiments with
different combinations of the a1, a2 and a3 antisera
[84]. The a1, a2 and a3 immunoreactive puncta were
not colocalized. This suggests that these three subunits
of the GABAAR are not clustered at the same postsy-
naptic sites, but are aggregated at different synapses. In
contrast, when such double labeling experiments were
performed comparing for instance the puncta im-
munoreactive for the a2 and g2 subunits respectively,
substantial colocalizations were observed, suggesting a2
and g2 subunits co-assemble.
3.8. GABAC receptors of the mammalian retina
We have recently raised an antiserum against the r1
subunits of the GABAC receptor [69]. The antiserum
recognized in transfected cells and in Western blots r1,
r2 and r3 subunits. In vertical sections of rat, rabbit,
cat, goldfish, chicken and macaque monkey retinae,
strong punctate immunoreactivity was present in the
IPL. Weaker immunoreactivity was also present in the
OPL and cell bodies of bipolar cells were faintly la-
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Fig. 6. Summary diagram of the expression of GABAA receptor subunits within the inner plexiform layer and comparison with choline
acetyltransferase immunoreactivity (ChAT). The border with the inner nuclear layer corresponds to 0% and the border with the ganglion cell layer
corresponds to 100%.
beled. Fig. 8A shows the localization of the r-subunits
in a mouse retina. Punctate immunoreactivity is present
throughout the IPL. The punctate immunofluorescence
is not homogeneously distributed within the IPL, rather
distinct bands can be recognized. We have shown by
electron microscopy that the immunoreactive puncta
represent synaptic localization. The presynaptic cells
were amacrine cells, the postsynaptic cells were rod and
cone bipolar cells [111].
Rod bipolar cells have been shown to express many
r-immunoreactive puncta at their axon terminals in the
IPL [69,112]. Fig. 9A and B are high power micro-
graphs of a whole mount of a rabbit retina that was
double immunolabeled for the r-subunits and for PKC,
to reveal rod bipolar cells. The focus in Fig. 9A is on
the axon terminals of the rod bipolar cells in the inner
IPL, where they form large varicosities [113]. In Fig. 9B
the r-immunoreactive puncta are shown and compari-
son of Fig. 9A and B shows that the puncta decorate
the outline of the rod bipolar cell axonal varicosities.
This suggests that rod bipolar cells receive many
GABAergic synapses at which GABAC receptors are
expressed [170].
It has to be emphasized that rod bipolar cells also
receive GABAergic synapses at which GABAA recep-
tors are expressed. Electrophysiological experiments
have shown bicuculline sensitive GABA responses
[114–118]. Immunocytochemical staining has revealed
that rod bipolar cells express the a1, b2:3 and possibly
the g2 subunit of the GABAAR [75]. Finally in situ
hybridization and single cell PCR have shown that rod
bipolar cells express the a1, a3, b2:3 and g2 subunits.
However, the r-subunits and the GABAAR subunits
were found to be localized at different synapses [111].
4. Discussion
4.1. Clustering of glycine and GABA receptors at
postsynaptic sites
The aggregation of transmitter receptors at postsy-
naptic sites increases both the speed and the reliability
of synaptic transmission. Such clustering was first
shown for the neuromuscular junction (for review see
[119]) and was later also observed at synapses of the
CNS (for review see [120–124]). There is growing evi-
dence that clustering of transmitter receptors both
presynaptically and postsynaptically involves an intri-
cate network of cytoskeletal elements and anchoring
proteins [125–130]. Aggregation of transmitter recep-
tors appears to be developmentally regulated and presy-
naptic terminals and postsynaptic sites specialize in
parallel [131,132]. In the rat retina, at early postnatal
stages immunocytochemical staining of GABA and
glycine receptors was diffuse, suggesting that early neu-
rons can express GABA and glycine receptors. When
synapses formed, a clustered distribution of subunits in
‘hot spots’ was observed and the number of hot spots
increased during development reaching adult levels in
about two weeks after birth [111,133]. In adult retinal
neurons, glycine and GABA receptors are clustered in
hot spots. However, it has to be emphasised, that there
was also a low density of the receptors present in the
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Fig. 7. Localization of the a3 subunit of the GABAA receptor on the dendrites of an LY-injected ON-Alpha ganglion cell of the rat retina. A,
Fluorescence micrograph of a horizontal section through the rat retina showing the cell body and the primary dendrites of the LY-injected Alpha
cell (yellow fluorescence). B. Fluorescence micrograph of the same field as in A (double exposure with green and red fluorescence) showing the
puncta immunoreactive for the a3 subunit as well as the injected Alpha cell. Some of the puncta coincide with the primary dendrites. C, D.
High-power fluorescence micrographs taken at two focal planes and showing the LY-injected Alpha cell together with the a3-immunoreactive
puncta. Arrows indicate puncta coinciding with the Alpha cell dendrites (Scale bar: 20 mm in A and B; 15 mm in C and D).
extrasynaptic membranes and:or in the cytoplasm. Un-
fortunately this is mostly lost in the micrographs be-
cause the exposure times had to be adjusted to the
bright fluorescence of the immunoreactive puncta. It
was, however, visible during direct observation with the
microscope. Another problem with the immunocyto-
chemical localization of the hot spots was their sensitiv-
ity to fixation. As reported by Kirsch and Betz [63] the
epitopes recognized by the mAbs against glycine recep-
tors are highly sensitive to prolonged aldehyde fixation.
The same holds true for the immunostaining of
GABAA and GABAC receptors [75,69]. Therefore, lo-
calization of transmitter receptors in hot spots can not
be detected with long fixation times. This causes sub-
stantial problems for the electron microscopic studies of
transmitter receptors, since short fixation times and
avoidance of glutaraldehyde in the fixative compro-
mises the tissue preservation.
The punctate fluorescence caused by the clustering of
the transmitter receptors at postsynaptic sites made it
possible for the first time to study the type, number,
distribution and localization of synapses by light mi-
croscopy. Double labeling experiments allow synapses
to be attributed to certain classes of retinal neurons and
to study the receptor subunit composition within the
synapses. One might argue that confocal microscopy
would be the ideal tool for the analysis of punctate
immunofluorescence and we have used confocal mi-
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Fig. 8. Fluorescence micrograph of a vertical section through a mouse retina that was immunolabeled for the r subunits of the GABAC receptor
(Cy3-coupled secondary antibodies). The Nomarski micrograph in B shows the retinal layering. A, strong punctate immunolabeling is found in
discrete bands in the IPL. There is also distinct fluorescence in the OPL (Scale bar: 30 mm).
croscopy on double labeled sections [76]. However, for
this particular task, we find conventional microscopy
with high-power objectives superior. Because immu-
nofluorescence in the present experiments is punctate,
small changes of focus in a conventional microscope
cause the puncta to disappear and, therefore optical
sectioning is very precise. This is particularly obvious in
the case of Lucifer Yellow injected dendrites and the
localization of immunofluorescent puncta on these den-
drites (Fig. 2A and B; Fig. 7C and D).
4.2. Glycine receptors in the mammalian retina
The in situ hybridization experiments predict that all
three a-subunits of the GlyRs are expressed in the
mammalian retina. It is therefore expected, that im-
munostaining of retinal sections with mAb4a, which
recognizes all subunits of the GlyR should reveal more
immunoreactive puncta than staining with mAb2b,
which is specific for only the a1 subunit. This has been
confirmed in the rat, the rabbit, the cat and the primate
retina [74,134]. Comparison of Fig. 3A and Fig. 4A
shows, that a1 expressing synapses in the mouse retina
are only a small subset of the total number of GlyR
immunoreactive synapses.
It was possible to identify two different cell types
which express the a1 subunit. The large puncta in the
outer half of the IPL could be attributed to the glycin-
ergic synapses between the AII amacrine cells and
OFF-cone bipolar cells. This circuit seems to be a
constant feature of mammalian retinal organization
and we have recently shown that also for the primate
retina [72]. In addition to the large puncta in the outer
IPL, the a1 subunit was also present in smaller
synapses, which were distributed more evenly within the
IPL. They, in part, represent synapses onto the den-
drites of Alpha and possibly other ganglion cells. We
also immunostained LY injected Alpha ganglion cells
with mAb4a to label all GlyRs [84]. Many immunore-
active puncta were found to coincide with the Alpha
cell dendrites and their number was three to four times
higher than the number of a1 subunit expressing
synapses. This shows that Alpha ganglion cells express
different types of GlyRs, those which contain the a1
subunit and others, which have a different subunit
compositions. Recently it has been shown in artificial
expression systems, that receptors containing a2 and b
subunits give more sustained responses upon binding of
glycine, while a1, b combinations give transient re-
sponses (Bormann et al., unpublished). If this is true
also for synaptic receptors on the dendrites of Alpha
cells, it would predict two modes of glycinergic inhibi-
tion, a more phasic action on a1 containing synapses
and a more tonic action on a2 or a3 containing
synapses. It would also be interesting to know the types
of glycinergic amacrines, which provide input to these
two types of synaptic receptors.
4.3. Glycine receptor mutations in mice
Mutations of GlyR subunit genes have been iden-
tified in three strains of mutant mice called spastic,
spasmodic and oscillator [22]. These disorders are in-
herited by autosomal recessive genes. All of the mutants
are born without detectable symptoms, whereas the
phenotypes only become apparent :2 weeks after
birth. Homozygous spastic and spasmodic mutants suf-
fer from muscle rigidity, tremor, myoclonic jerks and
prominent startle reactions. The oscillator phenotype is
lethal at 3 weeks of age. Symptoms of this mutant are
characterized by a pronounced action tremor.
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Fig. 9. Fluorescence micrographs of a whole mount of the rabbit retina that was double immunolabeled for PKC (A) and for the r subunits of
the GABAC receptor (B). The focus in A is on the axon terminals of the PKC-immunoreactive rod bipolar cells. The little arrows show groups
of axonal varicosities and by comparison with the r-immunoreactivity in B, the close association of r-immunoreactive puncta and rod bipolar
cell axon terminals can be seen (Scale bar: 25 mm).
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Stone and Pinto [135] studied the receptive field
organization of retinal ganglion cells in the spastic
mutant mouse. They reported a lack of surround re-
sponses in the retinae of spastic mice. Light responses
in spastic mouse retinae were generally more phasic.
Spastic mouse retinae were very sensitive to strychnine.
Pinto et al. [88] reported a substantial loss of GlyR
immunoreactive puncta in the IPL of the spastic mouse.
At present it is difficult to reconcile the physiological
and immunocytochemical results. The extracellular
recordings from ganglion cells cannot distinguish be-
tween direct effects and effects somewhere in the pre-
ganglionic circuitry. It will be necessary to study
isolated retinal cells or cells in a retinal slice and
measure their responses to glycine more directly. It is
also unknown at present, whether there might be com-
pensatory mechanisms such as an upregulation of
GABA receptors. In any case this mutant will provide
interesting tasks for future physiological and pharma-
cological studies.
In the present study we have shown that the GlyR a1
subunit is not expressed in the oscillator mouse retina
(Fig. 3). The expression of the a1 subunit seems to be
dose dependent, because there is also a reduction of a1
immunoreactivity in heterozygous mice (Fig. 3C).
When oscillator mice retinae were immunostained with
mAb4a, which recognizes all GlyR subtypes, no differ-
ences in the number of immunoreactive puncta were
found between wild type, homozygous and het-
erozygous mutant mice retinae (Fig. 4A–C). This result
can only be reconciled with the lack of the a1 subunit,
if one postulates that other GlyR subunits (possibly the
a2 subunits) have replaced and compensated for the
loss of a1 subunits. Clearly it would be interesting to
study the oscillator mouse retina with modern physio-
logical and pharmacological techniques and in particu-
lar to study the AII-amacrine to OFF-cone bipolar
synapse in these mutants.
4.4. GABAA receptors of the mammalian retina
To date six a, four b, three g and one d subunit of
the GABAA receptor have been cloned. By combina-
tory rules a great variety of different GABAA receptors
could be assembled from these subunits, however, some
of the combinations are prevalent, while others seem to
be absent. The most common combination was the
triplet a1:b2,3:g2 detected in numerous cell types
throughout the brain. The triplets a2:b2,3:g2; a3:b2,3:
g2 and a5:b2,3:g2 were also identified in discrete cell
populations of certain brain areas [51,43,44]. Func-
tional properties of GABAA receptors, including their
sensitivity for GABA and their rate of desensitization
vary with the subunit combination. The pharmacologi-
cal profiles, such as the type of benzodiazepine modula-
tion, or the modulation of GABAA receptors by
phosphorylation of their intracellular domains differ
between the subunits. Hence there are many functional
properties which are defined by the subunit composi-
tion. In the retina, with the exception of the d subunit,
we found all GABAA receptor subunits to be clustered
in synaptic hot spots. If we take the density of the hot
spots as a measure of the retinal expression of a sub-
unit, a1, b2:3 and g2 subunits are most abundant in
the retina. This agrees with the prevalence of this triplet
in other areas of the brain [51]. In contrast, the d
subunit, which is restricted to the processes of choliner-
gic amacrine cells, seems to be least common both in
the retina and in other brain areas [51].
The experiments using intracellular injection of LY
into identified neurons followed by immunocytochemi-
cal labeling with antibodies against different subunits of
the GABAA receptor (Fig. 7) showed that one neuron
can cluster different subunit combinations at synaptic
sites [84]. We also showed that a1, a2 and a3 subunits
are not clustered at the same postsynaptic sites, but are
aggregated at different synapses. Presynaptic at the
GABAA receptor clusters are GABAergic amacrine
cells. In the context of the present study, the most
remarkable feature of GABAergic amacrine cells is the
great diversity of other neuroactive substances that they
colocalize and perhaps co-release with GABA
[136,137,2,138,139,5,6]. It has been shown that these
neuroactive substances are able to modulate GABA
responses through specific receptors and second-mes-
senger systems [140,141,117,142]. It is possible that the
specific clusters of GABAA receptors that we found on
Alpha cells might receive input from different types of
GABAergic amacrine cells. Moreover, because these
amacrine cells colocalize other neuroactive substances,
specific modulation might occur at the different
synapses. It is also an attractive idea that these neu-
roactive substances not only have a modulatory action
on postsynaptic neurons, but also may act as signals for
the selective clustering of specific subunits of the
GABAA receptor. This idea of specific modulation and
clustering might tie together the many (more than 30)
different types of GABAergic amacrine cells and the
multiple types of GABAA receptors found on the post-
synaptic neurons.
4.5. The stratification of GABAA receptor subunits and
its possible relation to directional selecti6ity (DS)
It is well established that there is an intimate rela-
tionship between the dendrites of DS-ganglion cells and
cholinergic amacrine cells (for review see [5]). In addi-
tion, pharmacological experiments have shown that
directional selectivity depends on cholinergic and
GABAergic synaptic transmission [143,144]. The
GABAA receptors found in the vicinity of the choliner-
gic bands in the IPL are, therefore, first rate candidates
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for being involved with directional selectivity. We
were surprised with the high precision in the layering
of GABAA receptors related to the cholinergic bands
(Fig. 6). Within a few microns the distribution of the
a subunits changed completely. It is also remarkable
in this context that cholinergic amacrine cells are the
only retinal neurons which express the d subunit
[106].
Most models of directional selectivity assume a spa-
tial offset between excitatory and inhibitory inputs
(for review see [145]). A second essential feature of
the DS-network is a time delay between excitatory
and inhibitory inputs [146–148]. We would propose
that the expression of different GABAA receptors in
bipolar, cholinergic amacrine and DS-ganglion cells,
the neurons which form the DS-circuit, might intro-
duce the time delay into this circuit. It is known from
artificial expression systems that different GABAA re-
ceptors respond with varying delays upon binding of
GABA and also show different desensitization [149].
Hence it will be necessary to know the precise compo-
sition of GABAA receptors involved with the DS cir-
cuit before we can understand its detailed function.
4.6. GABAC receptors of the mammalian retina
The antiserum against the r1 subunit applied in the
present paper also recognizes the r2 and r3 subunits
of GABAC receptors [69]. Hence at present we cannot
define the precise subunit composition of GABAC re-
ceptors, whether they are homooligomeric channels,
or whether they are composed from r1, r2 or r3
subunits. In artificial expression systems both ho-
mooligomeric and heterooligomeric receptors have
been observed [54,59,60].
Like glycine and GABAA receptors we found
GABAC receptors in the IPL to be clustered in synap-
tic hot spots [111]. The postsynaptic targets were rod
and cone bipolar cell axons. As shown in Fig. 9, rod
bipolar cell axon terminals are decorated with r-im-
munoreactive synapses and are the bipolar cell type
which receives the most prominent GABAC receptor
mediated input. This has also been confirmed by elec-
trophysiological recordings from different types of
bipolar cells in a rat retinal slice preparation [150].
The localization of r-immunoreactive puncta to the
IPL and to bipolar cell axons is quite uniform across
different species. A comparable labeling pattern has
been found in mammalian (rat, cat, mouse, rabbit,
primate), in fish (goldfish) and in avian (chick) retinae
[69,112]. Qian and Dowling [151] first observed
GABAC responses in fish horizontal cells and later
GABAC responses were also recorded from fish and
amphibian bipolar cells [152–155]. To our surprise we
did not observe labeling of horizontal cells, when we
immunostained fish retinae with our r-antibodies. In
contrast, bipolar cells were labeled. It is possible that
fish horizontal cells express subunits of the GABAC
receptor, which are different to the r1, r2 and r3
subunits recognized by our antiserum.
4.7. Glycine and GABA receptors in the outer
plexiform layer
Only very few GlyR-immunoreactive puncta (Figs.
1, 3 and 4) could be detected in the outer plexiform
layer (OPL) and we interpret these as synapses made
from glycinergic interplexiform cells onto bipolar cell
processes [8,70,82]. We did not observe GlyRs associ-
ated with cone pedicles or rod spherules. Physiological
recordings from dissociated A-type horizontal cells of
the rabbit retina showed that they express no glycine
receptors [156].
The situation is more complicated for the case of
GABA receptors in the OPL. There are two possible
GABA releasing cells in the OPL. GABAergic inter-
plexiform cells have been shown to make chemical
synapses onto bipolar cell dendrites [157]. Horizontal
cells in most mammalian retinae have either been im-
munolabeled with anti-GABA antibodies, or they
have been shown to contain the GABA-synthesizing
enzyme glutamic acid decarboxylase (for review see
[17]). There is evidence that horizontal cells have an
unconventional Ca2-independent release of GABA
[158–162]. Horizontal cell processes are the lateral el-
ements inserted into the triads of cone pedicles and
rod spherules.
In situ hybridization studies using a1, a2 and a3
mRNA probes did not show any signals in the outer
nuclear layer (ONL), suggesting these subunits are not
expressed by photoreceptors [100,75]. In contrast, RT-
PCR and in situ hybridization experiments demon-
strated the expression of b1 and b2 subunits in the
photoreceptor layer [103,75]. Immunocytochemical ev-
idence for GABAA receptors of photoreceptors is also
fragmentary. Vardi et al. [95] reported a labeling of
the cone pedicle base in the cat retinae immunos-
tained for the a1 and b2:3 subunits. However, re-
cently Vardi and Sterling [99] reported that in the
macaque monkey this label was subjacent to the cone
pedicles and probably associated with bipolar cell
dendrites. The same result has also been described for
the rabbit OPL [78]. Greferath et al. [75] reported the
antiserum against the a2 subunit of the GABAA re-
ceptor labeled cone pedicles and rod spherules in the
rat retina, which is in contrast to the lack of a2
mRNA described above. Yazulla et al. [163] reported
labeling of photoreceptor pedicles in goldfish and
chicken retina with the antibody mAb62-3GI which
recognizes the b2 and b3 subunits of the GABAA
receptor [43]. Hence at present there is only fragmen-
tary information concerning the subunit composition
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of GABAA receptors in photoreceptors [102]. Physio-
logical and pharmacological results have shown that
in turtle and in goldfish cones application of GABA
gates bicuculline sensitive GABAA receptors [164,165].
Whole cell patch clamp recordings from dissociated
A-type horizontal cells of the rabbit retina demon-
strated that they have GABA receptor coupled ion
channels with GABAA pharmacology [156]. Intracellu-
lar recordings from horizontal cells in the cat retina
showed that they respond to GABAA agonists [166].
GABAA and GABAC receptors have been described
on horizontal cell of cold blooded vertebrate retinae
[167–169]. Horizontal cell bodies are found in the
outer part of the INL where they are interspersed in
between the more numerous bipolar cell perikarya.
Given the limited resolution of the radioactive in situ
hybridization technique it was not possible to define
their subunit composition [100,96,106,75]. There is ev-
idence from immunolabeling that they express the a1
subunit of the GABAA receptor [78], however, their
precise subunit composition is unknown at present.
The presence of GABAA and GABAC receptors in
bipolar cells has been demonstrated with many differ-
ent techniques. However, most of the receptors are
concentrated at the bipolar axons in the IPL, where
they receive synaptic input from GABAergic amacrine
cells. Immunocytochemical staining, however, has
shown that bipolar cell dendrites express a variety of
different GABA receptors. They are labeled by antis-
era, which recognize the a1 subunit and by antisera
specific for the b 2:3 subunits. They were also found
to express the g2 subunit (see [75] for review). Hence
bipolar cell dendrites express the most abundant
GABAA receptor in the CNS (a1, b2:3, g2). As can
be seen in Fig. 8, bipolar cell dendrites also express
the r-subunit of the GABAC receptor. However, in
contrast to the labeling of their axons in the IPL,
which is mostly synaptic, labeling of their dendrites in
the OPL seems to be preferentially extrasynaptic. It is
possible that this is an adaptation to the GABA re-
lease from horizontal cells, which is possibly not
synaptic.
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